Abstract The procedure for obtaining anthocyanin-enriched extracts from black rice was optimized by response surface methodology, and the effects of the optimized extract on in vitro starch digestibility were investigated in a wheat flour gel model. The experimental results were welldescribed by a polynomial multiple regression model (R 2 = 0.8812, p = 0.0546) with regard to anthocyanin content in anthocyanin-enriched extracts from black rice. The optimal conditions for obtaining anthocyanin-enriched extracts from black rice were 50.78% ethanol and 1 N HCl (0.60 mL), yielding a predicted anthocyanin content of 624.27 mg cyanidin 3 glucoside extract. The optimized anthocyanin-enriched extract was a stronger inhibitor of aglucosidase than acarbose. Furthermore, the predicted glycemic index values of gels prepared with the optimized extract were significantly lower than that of wheat flour gel. These results indicate that the optimized extract suppressed starch hydrolysis by inhibiting digestive enzymes.
Introduction
Pigmented varieties of rice (Oryza sativa L.) such as black rice, are good sources of fiber, minerals, phytochemicals, and basic nutrients [1] . In particular, pigmented rice varieties contain higher amount of phenolic compounds (e.g., cyanidin-3-glucoside, malvidin-3-glucoside, and peonidin-3-glucoside) than white rice [2] . The research of de Mira et al. [3] indicated that the total phenolic content of pigmented rice was four times greater than that of non-pigmented varieties. Moreover, red and purple rice varieties were found to have higher total phenolic, flavonoid, and antioxidant activities than lighter varieties, such as white and brown rice [4] .
Black rice (Oryza sativa L., 'Josaengheugchal') has been considered an important health-promoting crop due to high anthocyanin content of its aleurone layer. This variety has been introduced into many other areas such as North America and Eastern Asia [5] . The main anthocyanin in black rice is cyanidin-3-glucoside, while a peonidin-3-glucoside is minor component [6] . Anthocyanins belong to a larger group of compounds collectively known as flavonoids, which comprise a subgroup of an even larger group of compounds known as polyphenolics. In nature, anthocyanins are responsible for the vibrant colors of flowers, fruits, and grains [7] . Anthocyanins are considered to be bioactive compounds, and their consumption has been linked to beneficial health effects [8] . Due to their reduction of risk of oxidative damage, anthocyanins were recently suggested as potential candidates for the treatment of cardiovascular disease, type 2 diabetes, and cancer [6] .
Anthocyanins reduce starch digestion by inhibiting a-glucosidase activities [9] . McDougall et al. [10] tested the inhibitory activity of several extracts from soft fruit (e.g., blueberry, blackcurrant) against a-glucosidase and reported that the anthocyanin-rich fractions effectively inhibited a-glucosidase. Moreover, Yao et al. [11] found that anthocyanins isolated from black rice inhibited aglucosidase. Therefore, anthocyanins are capable of inhibiting key enzymes such as a-glucosidase and a-amylase. As these enzymes have both been linked to postprandial hyperglycemia, their inhibition could be used in the treatment of type 2 diabetes [8] .
The first step in isolating compounds from natural sources is extraction. However, the optimal extraction conditions differ among various plant materials because the extraction efficiency is influenced by several parameters, including the chemical nature of the sample, solvent used, agitation method, extraction time, solute/solvent ratio, and temperature [12] . Traditionally, organic solvents such as absolute methanol, ethanol, and acetone have been used to extract anthocyanins [13] . Ethanol is desirable because it is less toxic than methanol [14] . Aqueous mixtures of solvents with small amounts of acid have also been used. Acidified organic solvents destroy the cell membrane, simultaneously dissolve anthocyanins, and stabilize the anthocyanins [15] . Therefore, the percentage of ethanol and the acidity of the organic solvent are important determinants of the extraction efficiency.
Therefore, our purpose in this study was to use response surface methodology to optimize the extraction parameters of ethanol percentage (10-90%) and 1 N HCl volume (0-1 mL) in the extraction solution, with the goal of obtaining anthocyanin-enriched extracts from black rice. In addition, the effects of the optimized anthocyanin-enriched extracts on in vitro starch digestibility in a wheat flour gel model was investigated.
Materials and methods

Materials
Black rice (Josaengheugchal, Oryza sativa L., harvested in 2014, Korea) was supplied from the Rural Development Administration (RDA) at Mirayng, South Korea. The black rice was stored at 25°C until laboratory analysis. Wheat flour was purchased form CJ Co. (Seoul, Korea). Acarbose (A8980), amyloglucosidase (A9913), 4-nitrophenyl-alpha-D-gluco-pyranoside (pNPG, N1377), porcine bile extract (B8631), and porcine pancreas pancreatin (P7545) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). A total starch kit (K-TSTA), glucose oxidaseperoxidase assay kit (GOPOD, K-GLUC), and a-glucosidase (Bacillus stearothermophilus; E-TSAGL) were purchased from Megazyme International Ireland Ltd. (Dublin, Ireland). All reagents were of standard analytical grade.
Extraction methodology
Black rice was ground in a blender (Hanil Food Co., Ltd., Korea) and passed through a 100-mesh sieve. The resultant material, referred to hereafter as ''BF'', was used in all further extractions and analyses. Anthocyanin-enriched extracts were extracted from BF according to the method described by Prior et al. [16] with slight modification. Briefly, 10 g of BF was mixed with 100 mL of ethanol at different percentages (10-90%) and with different volumes of 1 N HCl (0-1 mL) at 30°C for 2 h (Table 1 ). All extracts were collected and filtered. The supernatants were then collected, evaporated at 35°C, and dried at 60°C in a forced-convection dry oven (DAIHAN Scientific Co., Ltd., Seoul, Korea) until all solvent was removed. The resultant powder was stored at 4°C until use.
Total anthocyanin contents
Total anthocyanin content was determined by the methods of Giusti et al. [17] . In short, black rice extracts were separately diluted with 0. 
Experimental design and data analysis
The optimal conditions for preparing anthocyanin-enriched extracts from BF were determined by response surface methodology, consisting of 10 experimental points (fractional 2 2 factorial points, four star points, and two replicates at the center point) and a two-factor, five-level central composite design. The two independent variables examined were ethanol percentage (%, X 1 ) and 1 N HCl level (mL, X 2 ) in the extraction solution. The actual values of each variable were coded at five levels for statistical Table 1 Coded and actual levels of independent variables used for central composite design
Variables
Coded level DX analysis ( Table 1 ). The ranges of these independent values were predetermined from preliminary experiments. The dependent response (Y i ) was total anthocyanin content (Y). The quadratic model for predicting the optimal point was expressed with the following equation:
ii , and b ij are the constant, linear, quadratic, and cross-product regression coefficients, respectively. Statistical Analysis System (SAS) 9.4 (SAS Institute Inc., Cary, NC, USA) was used for all statistical analysis of the experimental data.
Inhibition of a-glucosidase
The a-glucosidase inhibitory abilities of the black rice extracts were measured according to the method of Kim et al. [18] . Briefly, a-glucosidase (0.5 U/mL, 50 lL, from Aspergillus niger) was premixed with black rice extract (50 lL); then, potassium phosphate buffer (0.2 M, pH 6.8, 50 lL) was added, and the mixture was incubated at 37°C for 15 min. pNPG (3 mM, 100 lL) was added to the resulted solution, the mixture was incubated at 37°C for 10 min and the reaction was terminated by the addition of Na 2 CO 3 (0.1 M, 750 lL). a-Glucosidase ability was determined by the measurement of 4-nitrophenol absorbance at 405 nm. Acarbose was also assayed as a standard reference. The inhibition rate of a-glucosidase was calculated as follows:
where A sample is the absorbance of the experimental sample, A blank is the absorbance of the blank, and A control is the absorbance of the control. IC 50 was calculated as the concentration of anthocyanin-enriched extracts from black rice required to inhibit 50% of enzyme activity.
In vitro starch digestion
Wheat flour in a gel was substituted with the optimized anthocyanin-enriched extract at 10, 15, or 20% by weight, and the effects of the extract on in vitro starch digestibility were observed. The wheat flour gel (10.71%, w/v) was prepared with the mixtures (3 g) of wheat flour and the optimized anthocyanin-enriched extracts adding distilled water (25 mL). The suspensions were heated for 10 min in a boiling water bath, and the gels were steamed over boiling water for 40 min in steam-cooker. The in vitro starch digestion of the gels was then analyzed by method of Minekus et al. [19] with slight modification. Briefly, each gel sample (5 g) was mixed with distilled water (15 mL) and stirred at 700 rpm for 30 min to disrupt the gel structure. Then, simulated intestinal fluid (SIF; 11 mL), CaCl 2 (0.3 M, 40 lL), NaOH (1 M, 0.15 m), and distilled water (1.31 mL) were added, and the reaction was incubated at 37°C. Pancreatin, a bile salt solution, and amyloglucosidase (0.2 mL/g of starch in the sample, from Aspergillus niger) were then added. The SIF electrolyte stock solution consisted of KCl (0.5 M, 6.8 mL), KH 2 PO 4 (0.5 M, 0.8 mL), NaHCO 3 (1 M, 42.5 mL), NaCl (2 M, 9.6 mL), and MgCl 2 (H 2 O) 6 (0.15 M, 1.1 mL) in 400 mL of distilled water. Aliquots (0.1 mL) were collected at different time points (30, 60, 90, 120 , and 180 min) and combined with 1.4 mL ethanol. These solutions were centrifuged (6009g for 3 min), the supernatants were collected, and a GOPOD kit was used to measure the released glucose content at 510 nm. From a nutritional point of view, most starches are classified into three major fractions according to the extents of digestion in the gastrointestinal tract which are rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS). To determine the levels of RDS, SDS, and RS, the released glucose contents were measured after simulated intestinal digestion for 30, 120, and 180 min, respectively.
Predicted glycemic index (pGI)
The pGIs of the gels were determined by the procedure of Goni et al. [20] 
Statistical analysis
All experiments were performed at least in triplicate. The values are expressed as means and standard deviations. All statistical analyses consisted of Duncan's multiple range test (p \ 0.05) and were performed with SPSS statistical software (Version 21.0, Chicago, IL, USA).
Results and discussion
Optimization of the preparation of anthocyaninenriched extracts from black rice Response surfaces were plotted to investigate the effects of these parameters (ethanol percentage and 1 N HCl volume) and their interactions on total anthocyanin content (Fig. 1) . The total anthocyanin content increased as the ethanol percentage increased from 40 to 60%, but decreased at other percentages. Likewise, the total anthocyanin content increased as the volume of 1 N HCl increased only within the range of 0.4-0.8 mL. In general, acidified organic solvents are good solutions for extracting anthocyanins from plant materials [15] . Such solvent systems destroy the cell membrane, simultaneously dissolve anthocyanins, and stabilize the anthocyanins. Moreover, extracted anthocyanins are most stable at strong acidic pH (\3) and are relatively unstable at the weak acidic to neutral pH values of most foods [22] . Barnes et al. [23] systematically compared different solvents and acids for the extraction of anthocyanins. Acetone, methanol, and ethanol were found to be the most efficient in extracting blueberry anthocyanins, whereas trifluoroacetic acid and hydrochloric acid were best suited for solvent acidification. Among these three solvents, ethanol is the least toxic.
The highest total anthocyanin content was predicted to be achieved when the ethanol percentage was 50.78% and the 1 N HCl level was 0.60 mL. The maximum Y value predicted from these optimized conditions was 624.72 lg C3G/g extract, which was close to the experimental Y value (638.23 ± 20.77 lg C3G/g extract) obtained when the extraction was performed under the optimized conditions. According to the results of Abdel-Aal et al. [24] , black rice had a wide range of total anthocyanins depending upon cultivar and exhibited a range of 27.2-3276 lg/g. a-Glucosidase inhibitory effects of the optimized extract from black rice a-Glucosidase performs on the final step of starch hydrolysis, resulting in the release of glucose, and has thus been recognized as a therapeutic target for the regulation of postprandial hyperglycemia [10] . The ability of the optimized anthocyanin-enriched black rice extract to inhibit aglucosidase was investigated with acarbose as a positive control. As shown in Fig. 2 , the optimized anthocyanin-enriched extract inhibited a-glucosidase in a concentration-dependent manner (p \ 0.05). Furthermore, the optimized anthocyanin-enriched extract (IC 50 of 0.02 ± 0.00 lg/mL) inhibited a-glucosidase much more strongly than did acarbose (IC 50 of 1.40 ± 0.00 lg/mL). Our results are in agreement with previous findings that soft fruits can effectively inhibit a-glucosidase; this activity was shown to be present in the anthocyanin-rich fraction [10] . Moreover, Yao et al. [11] found that anthocyanins from black rice strongly inhibited a-glucosidase.
Effects of the optimized black rice extract on in vitro starch digestibility
To investigate the effects of the optimized anthocyaninenriched extract from black rice on in vitro starch digestibility in wheat flour gels, the released glucose contents during starch hydrolysis were measured. Glucose release curves were generated to measure the reducing sugars produced by enzyme-mediated starch digestion. Figure 3 (A) displays the starch hydrolysis curves of the optimized anthocyanin-enriched extract-incorporating gels and the starch hydrolysis curve of the wheat flour gel. Overall, starch hydrolysis sharply increased for 30 min and then gradually increased until 180 min. The amount of released glucose decreased as the amount of optimized anthocyanin-enriched extract (wheat flour replacement) in the gel increased. Of particular note, the amount of released glucose in the gels with the optimized anthocyanin-enriched extract significantly decreased in a dose-dependent manner (p \ 0.05). As mentioned above, the optimized anthocyanin-enriched extract from black rice in this study effectively inhibited a-glucosidase. Matsui et al. [9] found that anthocyanins from various plants could inhibit aamylase and possibly suppress the increase in postprandial glucose level resulting from starch digestion. Also, in an animal model of T2DM, treatment with an anthocyanin (cyanidin 3-glucoside) significantly reduced blood glucose concentration and improved insulin sensitivity after an insulin tolerance test in male mice [25] . Therefore, it was thought that the optimized anthocyanin-enriched extract suppressed starch hydrolysis in the wheat flour gels by inhibiting starch-digesting enzymes.
The amounts of RDS, SDS, and RS are presented in Fig. 3(B) . The RDS and SDS values of all optimized anthocyanin-enriched extract incorporating wheat flour gels were lowered with increasing amount of wheat flour replacement, while the RS values were higher than control (0% wheat flour replacement). RDS is rapidly digested and absorbed in the small intestine, resulting to rapid elevation of blood glucose and insulin levels. This sharp increase in blood glucose is associated with health complications such as obesity, diabetes, hyperglycemia, and cardiovascular disease [26] . Previous studies have demonstrated that foodderived active ingredients such as phenolic compounds can control blood glucose level [27] . In addition, fortification with anthocyanins from plant sources effectively reduced the digestion rate of bread [28] . As a result, anthocyaninenriched extract act as a non-competitive type inhibitor of starch digestive enzyme, resulting in slow digestion rates [29] . Next, the effects of the optimized anthocyanin-enriched extract wheat flour replacement on the pGI values of the gel samples were investigated. As shown in Fig. 3(C) , the pGI values of the wheat flour gels with the optimized anthocyanin-enriched extract decreased significantly (from 74.08 to 67.34) as the replacement level increased from 10 to 20% (p \ 0.05). These results suggest that the anthocyanin compounds in black rice cultivars were responsible for the ability of the wheat flour replacement gels to suppress starch digestion. Our data are in consistent with the findings of Ghosh et al. [30] , who reported that different berry species (e.g., cranberry, strawberry, and blueberry) could potentially protect against diabetes. Furthermore, Tsuda et al. [31] reported that serum levels of glucose, insulin, and leptin were lower in mice fed a high-fat diet containing anthocyanins from purple corn (which is rich in cyanidin-3-glucoside) than in control mice fed a high-fat diet with no such anthocyanins. Cumulatively, these results support our findings that the optimized anthocyanin-enriched extract effectively lowered the pGI in an in vitro system by suppressing starch hydrolysis.
Identification of anthocyanins in the optimized extracts from black rice LC/MS analysis was next used to identify the specific anthocyanins in the optimized anthocyanin-enriched extract from black rice. Twelve peaks were present on the chromatograms, which were sorted by the selected ion (m/ z) on the LC/MS operating system (Fig. 4) . Peak 1 (RT = 20.23 min) was identified as cyanidin-3-glucoside (C3G) by comparison with the standard. Inspection of the mass spectra revealed that the major ion of C3G had an m/z ratio of 449. Due to the loss of its glucoside group (162 m/ z), C3G maintained an ion with an m/z ratio of 287. Peak 2 (RT = 20.56 min) was identified as peonidin-3-glucoside (P3G) by comparison with the standard. Inspection of the mass spectra revealed that the major ion of P3G had an m/z ratio of 463. Peak 3 (RT = 22.00 min), peak 4 (RT = 23.64 min), and peak 5 (RT = 25.00 min), which corresponded to unidentifiable ions, had m/z ratios of 363 (m/z), 149 (m/z), and 149 (m/z), respectively. HPLC analysis of the optimized anthocyanin-enriched extract from black rice revealed that C3G comprised 90% of the anthocyanins present and C3G was detected in black rice extract (878.54 lg C3G/g extract). In agreement with this, Lee [32] identified two anthocyanins in black rice (cyanidin-3-glucoside and peonidin-3-glucoside), and Hou et al. [5] also identified four anthocyanins (cyanidin-3-glucoside, peonidin-3-glucoside, cyanidin-3-rutinoside, and cyanidin- Fig. 3 Effects of the optimized anthocyanin-enriched extracts at different replacement levels (10-20%) on the glucose release (A), digestive starch fractions (B), and predicted glycemic index (pGI) of wheat flour gels (C). Different letters on the bars are significantly different from each other (p \ 0.05) 3,5-diglucoside) in black rice. Moreover, Abdel-Aal et al. [24] found that cyanidin-3-glucoside comprised 80-100% of the total anthocyanins in black rice.
